Anthrax is a globally important animal disease and zoonosis. Despite this, our current knowledge of anthrax ecology is largely limited to arid ecosystems, where outbreaks are most commonly reported [1] [2] [3] . Here we show that the dynamics of an anthrax-causing agent, Bacillus cereus biovar anthracis, in a tropical rainforest have severe consequences for local wildlife communities. Using data and samples collected over three decades, we show that rainforest anthrax is a persistent and widespread cause of death for a broad range of mammalian hosts. We predict that this pathogen will accelerate the decline and possibly result in the extirpation of local chimpanzee (Pan troglodytes verus) populations. We present the epidemiology of a cryptic pathogen and show that its presence has important implications for conservation.
Anthrax is a globally important animal disease and zoonosis. Despite this, our current knowledge of anthrax ecology is largely limited to arid ecosystems, where outbreaks are most commonly reported [1] [2] [3] . Here we show that the dynamics of an anthrax-causing agent, Bacillus cereus biovar anthracis, in a tropical rainforest have severe consequences for local wildlife communities. Using data and samples collected over three decades, we show that rainforest anthrax is a persistent and widespread cause of death for a broad range of mammalian hosts. We predict that this pathogen will accelerate the decline and possibly result in the extirpation of local chimpanzee (Pan troglodytes verus) populations. We present the epidemiology of a cryptic pathogen and show that its presence has important implications for conservation.
Anthrax is a disease of wildlife, livestock and humans that predominantly affects low-and middle-income countries 2, 4, 5 . Although widely distributed, including some temperate regions, anthrax is most commonly associated with arid ecosystems, particularly African savannahs 1, 3, [6] [7] [8] [9] [10] [11] . In these systems, major outbreaks typically cause high mortality in a few wild and domestic ungulate species at a time and usually exhibit strong seasonal and inter-annual variation 2, 3, 5, 11, 12 . For example, in Krüger National Park, South Africa, die-offs in kudus (Tragelaphus strepsiceros) and impalas (Aepyceros melampus) occur in the dry season with a ten-year periodicity coinciding with rainfall cycles 11 . In Etosha National Park, Namibia, mortality in elephants (Loxodonta africana) peaks at the start of the wet season, while plains ungulates (Equus quagga, Conochaetes taurineus and Antidorcas marsupialis) are most affected at the end of the wet season 3, 13 . Such varying dynamics underline the importance of investigating the patho gen in close relation with its ecosystem, but so far anthrax research in Africa has been biased towards well-studied savannah regions.
In 2001, lethal anthrax-like cases in wild chimpanzees were reported in a rainforest habitat: Taï National Park (TNP), Côte d'Ivoire 14 ( Supplementary Fig. 1 ). The causative agent was a bacterium combining the chromosomal background of Bacillus cereus with the virulence plasmids of B. anthracis (Bacillus cereus biovar anthracis; Bcbva) 15 . Pathology and histopathology of Bcbva cases were clearly suggestive of anthrax and in small animal models Bcbva was as virulent as B. anthracis [14] [15] [16] . Bcbva cases have since been described in animals in Cameroon, Central African Republic and the Democratic Republic of the Congo 17, 18 , suggesting a broad sub-Saharan distribution ( Fig. 1) . However, the epidemiology of the anthrax-like disease caused by Bcbva (hereafter anthrax) and to what extent it matches that of classical anthrax remain poorly understood.
We address this knowledge gap by testing a unique set of samples collected in TNP over 26 years. We started collecting bones in 1989 resulting in bones from 75 individual mammals (Supplementary  Table 7 and Supplementary Information). From 1996 on, we investigated 204 fresh carcasses (Supplementary Table 2 and Supplementary Information). Because bone and carcass discovery was linked to the collection of chimpanzee behavioural data, we expected detection of Bcbva to be biased towards chimpanzees and other easily detectable medium-to-large-bodied mammals. We therefore tested whether carrion flies, which are relatively unbiased samplers of mammalian DNA 19 , might also collect Bcbva or its genetic material while feeding and ovipositing on carcasses. Starting in 2008, we applied different horizontal and vertical sampling schemes to collect 1,634 flies (Supplementary Tables 1, 4 and Supplementary Information). We retrieved Bcbva isolates from all three sample types (bones, carcasses and flies). These allowed us to generate 178 whole-genome sequences spanning from 1996 to 2014 (Supplementary Table 8 Table 4) . We could perform histopathological examinations on 15 positive carcasses and in all cases pathology was consistent with a lethal anthrax infection (Supplementary Table 2 ). Overall, 38% of observed local wildlife mortality was associated with Bcbva (Supplementary Tables 2, 4) , meeting the highest levels of mortality reported for classical anthrax outbreaks in savannah ecosystems 12, 20 . We observed no obvious seasonal variation in Bcbva Letter reSeArCH carcass incidence, suggesting ongoing anthrax activity in the area (generalized linear mixed model (GLMM), χ 2 = 6.3, degrees of freedom (d.f.) = 10, P = 0.789; Supplementary Information). However, Bcbva detection in flies peaked from December to March, coinciding with the only distinct dry period in the park (GLMM, χ 2 = 6.9, d.f. = 2, P = 0.03; Extended Data Fig. 4 and Supplementary Information). This suggests climatic conditions may influence Bcbva ecology in TNP, similar to observations from B. anthracis in savannahs 1 , although seasonal mortality appears less pronounced.
Bcbva differed markedly from B. anthracis in terms of host range. Ungulates constitute the vast majority (>99%) of anthrax cases in savannah ecosystems 11, 12, 20 . By contrast, and in line with the more diverse fauna found in rainforests, we observed Bcbva fatalities in a broader range of species in TNP, including chimpanzees (31 out of 55), six monkey species (21 out of 81), duikers (26 out of 40), mongooses (2 out of 2) and porcupines (1 out of 26 other mammals) (Supplementary Table 2 ). To further explore the host range of Bcbva, we analysed the gut content of all mammalian DNA-and Bcbva-positive flies (n = 28, Supplementary Table 1) using amplicon deep sequencing. We detected sequences from most of the aforementioned species, and from species belonging to 11 further mammalian genera, including carnivores, rodents and bats (Supplementary Table 5 To gain further insight into the ecology of Bcbva, we investigated 178 genomes derived from isolates obtained from necropsy samples, bones and flies, collected between 1996 and 2014 (Supplementary Table 8 Fig. 3 and Extended Data Fig. 5 ). In addition, considerably more divergence was seen compared to isolates from other countries 17, 18 , supporting the notion that Bcbva has been circulating in sub-Saharan Africa for an even longer period than what we determined in TNP (Extended Data Fig. 6 and Supplementary Information). To assess within-host diversity, we sequenced the genomes of two to six independent isolates for a subset of carcasses and flies (Supplementary Table 9 ). Two strains differing by 42 chromosomal SNPs were isolated from a single fly, probably reflecting multiple carcass meals 19 , which further highlights the commonness of Bcbva in TNP. Otherwise, the maximum distance observed within one host was two chromosomal SNPs (mean: 0.35 SNPs). Within-host heterogeneity therefore seems negligible compared to the overall diversity observed for Bcbva, suggesting strains differing by more than two SNPs originate from separate carcasses.
Bcbva-positive carcasses were broadly distributed throughout the TNP research area, without the kind of geographic clustering described for anthrax in savannah ecosystems 12, 22 (Fig. 2a) . We determined Bcbva prevalence within and outside the research area using a subset of 908 flies caught systematically according to a grid system within 19 days (Extended Data Fig. 7) . We detected Bcbva-positive flies in 16 out of 83 traps (Supplementary Table 11 ). Prevalence was higher in the research area (8 out of 21 traps were Bcbva-positive) than in the surrounding forest belt (8 out of 62 traps were Bcbva-positive) (Fisher's exact test, P = 0.02). Long-term research activity within the TNP research area has had a protective effect on wildlife and led to an increased density of mammals 23 , which might explain higher Bcbva activity. Genome data revealed multiple contemporaneous transmission chains caused by co-circulating strains (2-48 SNPs distance, median: 25 SNPs) in different areas of the park over the short time period of the fly snapshot (Extended Data Fig. 8 ). For low genomic distances (≤35 SNPs), genomic and geographic distances of all TNP isolates were positively correlated (R 2 = 0.72), providing further indication of spatially restricted transmission (Extended Data Fig. 9 ), which might reflect carcass-mediated spread of Bcbva. Because wildlife cases included exclusively arboreal monkeys (Supplementary  Table 2 ), we explored the vertical distribution of Bcbva by catching flies simultaneously on the ground and up to 30 m in the canopy. We detected Bcbva in 12 out of 103 canopy flies (11.7%) and retrieved isolates from five of these (Supplementary Tables 4, 11 ). While on the ground carcass-deposition sites are likely to be the source of Bcbva infections, flies may contribute to Bcbva transmission in the upper strata of the rainforest 24 . Fly samples indicated a large proportion of undetected anthrax mortality. During 19 days of focused fly sampling, we retrieved Bcbva isolates from 17 flies, with 13 strains being more than two SNPs different from any other strain. Because two SNPs appear to be the upper level of within-host diversity (Supplementary Table 9 ), this implies the presence of at least 13 different Bcbva-positive carcasses. Yet, during the same sampling period, only three Bcbva-positive carcasses were discovered and their isolates all corresponded to one of the fly Bcbva lineages (≤2 SNPs difference). This suggests carcass monitoring alone underestimates mortality by at least an order of magnitude.
We investigated the consequences of Bcbva-induced mortality on the species best studied in this ecosystem, chimpanzees. Chimpanzees have a low reproduction rate 25 and are thus particularly sensitive towards external changes to their environment. On the basis of demographic data collected from habituated groups in TNP, we simulated population viability at a 150 years horizon across a broad range of demographic models, which included or excluded anthrax-induced mortality (Supplementary Figs 7, 8 ). Our simulations showed that, with Bcbva, the TNP chimpanzee population would only have high chances to persist in the case of an overall annual per capita mortality rate owing to Letter reSeArCH other causes of 1% (Supplementary Figs 7, 8) . Such a low mortality rate is, however, not even observed in captive chimpanzees. In wild chimpanzees the lowest annual per capita mortality rate is 4% (in early adults) 25 . Under such a survival probability (0.96), the simulated presence of anthrax invariably led to a clearly reduced survival probability of communities (Fig. 4) . For example, 76 out of 84 models resulted in an extirpation probability that was higher than 50%, whereas the model, which we consider the most realistic (community size 60, maximum age 46 years and inter-birth interval 6 years), resulted in an extirpation probability of 89% (Fig. 4) . Our simulations therefore suggest that anthrax-induced mortality will result in deterministic population declines and possible extirpation of TNP chimpanzees over the next 150 years. The risk of extirpation will increase if chimpanzee mortality due to hunting and human-borne infectious diseases continues to rise 23, 26, 27 . To determine whether similar unrecognized effects on wildlife might be occurring elsewhere, we tested 784 flies collected at eight different sites, as well as 136 bones from twelve sites in five and nine sub-Saharan countries, respectively (Supplementary Fig. 3 and Supplementary Table 1 ). All sites had chimpanzee populations but none (nor the country) had previously reported Bcbva cases. We only detected Bcbva genetic material in 2 out of 105 flies and 1 out of 8 bones collected in the Grebo National Forest in Liberia, about 40 km from TNP ( Supplementary Fig. 1 ). The genome sequences of isolates from the two fly samples nested within the diversity of Bcbva in TNP, which may indicate an epidemiological link (Fig. 3) . We did not detect Bcbva in 305 flies from two sites where Bcbva cases have previously been reported (Dja Reserve, Cameroon, and Dzanga Sangha Protected Areas, Central African Republic, Supplementary Table 4) . Although the lack of detection at other sites needs to be interpreted with caution owing to variable fly species composition (Extended Data Fig. 10 and Supplementary Information), these data suggest that Bcbva dynamics may also vary across rainforest ecosystems. It will be important to further uncover the scale and environmental drivers behind Bcbva prevalence. Such knowledge will be critical for mitigating against the detrimental effects of Bcbva on wildlife and for better assessing human infection risk, which for anthrax in rainforest ecosystems has, to date, been considered very low.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. We defined the research area as the habitat ranges of the three habituated chimpanzee groups plus a 500 m buffer zone (103 km 2 ; Supplementary Fig. 2 ). Samples belonging to the large-scale dataset were collected at 16 sites in 11 sub-Saharan countries stretching from Senegal to Uganda ( Supplementary Fig. 3 and Supplementary 17 , where Bcbva cases have been previously described. Study sites are described in detail in the Supplementary Information. Necropsies. Carcass monitoring was performed in TNP by a veterinarian, performing necropsies on every carcass reported by researchers working in the forest (n = 173). Samples of all inner organs were collected, as far as carcass decomposition allowed. Necropsies followed a standardized protocol, including use of full personal protective equipment. Carcass sites were decontaminated according to World Health Organization (WHO) guidelines 5, 28 . For each sample, aliquots were stored in liquid nitrogen and formalin in the field. Frozen samples were transported on dry ice and subsequently stored at −80 °C. We received additional tissue samples from carcasses sampled by the WHO in TNP between 1996 and 2000 (n = 31) (Supplementary Table 2 ).
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Rather than using serology, which would also detect animals that survived non-lethal infections, we used PCR to detect the presence of anthrax in internal organs to confirm that anthrax was the probable cause of death. DNA was extracted from various tissues of each animal (liver, spleen and lung when available) using the DNeasy Blood and Tissue Kit (Qiagen); extracts were quantified using a Nanodrop (Thermo Fisher Scientific) and stored at −20 °C. Subsequently, 200 ng DNA or 5 μl of DNA extract (if the DNA concentration was below 40 ng μl ) was tested for anthrax in duplicate real-time PCR reactions (see Supplementary Methods). The full anthrax assay used includes three real-time PCR assays, each targeting one of the following gene markers: pag (gene for protective antigen) located on the pXO1 plasmid 29 , capB (gene for capsule synthesis) located on pXO2 and Island IV, a chromosomal marker specific for Bcbva 15, 17 (Supplementary Table 3 ). Samples were first tested for pag and samples positive in duplicate for pag were tested for capB and Island IV (Extended Data Figs 1, 2) .
Culture under BSL3 conditions was attempted for all PCR-positive necropsy samples collected until the end of 2013 (June 2014 for duikers) (Supplementary Table 2 ). A native and heat-treated (65 °C for 30 min, to assess presence of spores) aliquot were plated onto the following agar plates: Columbia blood agar (Oxoid), blood-trimethoprim agar (1.6 mg trimethoprim, 6.4 mg sulfamethoxazole, 20 mg polymyxin B per litre agar medium) and Cereus Ident agar (Heipha Diagnostica) with the chromogenic substrate 5-bromo-4-chloro-3-indoxyl-myoinositol-1-phosphate 30 . Cultures were incubated at 37 °C and monitored daily. Morphologically suspicious colonies were sub-cultured and tested by real-time PCR. Bcbva was cultured from native and heat-treated samples indicating the presence of heat-resistant spores. Isolates were frozen in Microbank tubes (Mast Diagnostica) at −80 °C.
Histopathology was performed on a subset of necropsy samples, including 15 Bcbva PCR-positive necropsy samples (Supplementary Table 2 ). No signs of anthrax infection were detected in carcasses that were PCR-negative for anthrax, while for PCR-positive carcasses the most consistent histopathologic finding was per-acute to acute anthrax-related pneumonia characterized by mild lymphohistiocytic infiltrates and intra-alveolar eosinophilic and proteinaceous or fibrinous material. Numerous intravascular and intra-alveolar bacilli were found. Multifocal alveolar and peribronchiolar haemorrhages were present in all animals. Lymph node changes consisted of sinus histiocytosis, cortical haemorrhages and oedema especially in the mediastinal, tracheobronchiolar and mesenteric lymph nodes. Large amounts of bacilli were found in the sinusoids. Within the abdominal cavity the spleen was the most affected organ, with myriads of bacilli visible in the splenic sinusoids, partly embedded in fibrin deposition. There was moderate lymphoid depletion, lymphocytolysis and histiocytosis. The liver parenchyma was severely congested with masses of bacilli within the hepatic sinusoids. All anthrax PCRpositive carcasses were also tested for filoviruses 31 and respiratory diseases 26 to rule out co-infection with other common causes of death in this ecosystem. Table 4 ). In total, 2,723 flies were analysed (Supplementary Table 4) .
DNA extraction of individual flies was performed using the GeneMATRIX Stool DNA Purification kit (Roboklon). We followed manufacturer's instructions except that each fly was first cut into small pieces using sterilized scissors before being homogenized using a Fast Prep (MP Biomedicals). DNA concentration measurements and anthrax testing by real-time PCR were performed as described for necropsy samples (Supplementary Table 4) .
A subset of 50 flies containing high pag copy numbers underwent bacterial culture (Supplementary Tables 4, 11) . Half of the fly mush remaining after DNA extraction was plated directly onto the same culture medium as described for the necropsy samples. Additionally, a 10-μl aliquot of the mush was diluted 1:10 in sterile NaCl, heat-treated for 30 min at 65 °C and plated. Bcbva was retrieved from native and heat-treated samples, indicating the presence of heat-resistant spores in the flies. An on-site study in TNP also used direct culture of 204 flies without preceding PCR testing. Flies were homogenized and plated directly onto Cereus Ident agar. Suspicious colonies were sub-cultured on blood-trimethoprim agar and tested by real-time PCR. This approach yielded another 21 Bcbva isolates.
To examine whether certain mammals were preferentially affected by Bcbva, we tested for differences in fly meal composition of anthrax-positive and -negative flies. We screened a subset of 750 TNP flies for mammalian DNA using a real-time PCR targeting a 130-bp fragment of the mammalian 16S mitochondrial DNA (described in ref. 19 ). We chose a subset of mammal and anthrax-positive flies (n = 28) and a comparable number of mammal-positive but anthraxnegative flies (n = 29) from the same traps (Supplementary Table 11 ). To dissect fly meal composition, we used a metabarcoding approach, for which 16S amplicons were deep-sequenced, adapting the amplicon preparation protocol provided by Illumina (Supplementary Information). We used a custom pipeline to determine taxonomic assessment of each read to the genus and order level as described in the Supplementary Information (Supplementary Tables 5, 11, 12 ). Sequences assigned to domestic animals were regarded as contamination, as it was shown that even stringent anti-contamination procedures do not prevent the amplification of human and domestic animal sequences present in the environment and reagents 32 . Details on blow fly analyses and results are in the Supplementary Information. Bones. Bones were collected in TNP and 12 Pan African Programme sites in nine countries ( Supplementary Fig. 3 and Supplementary Tables 1, 7 ). Bones were transported and stored at ambient temperature. DNA was extracted using a silica-based method 33, 34 (Suppementary Information). Bone extracts were tested by real-time PCR as described for necropsy samples (Supplementary Tables 1, 7) . Powder from PCR-positive bones was also used for bacterial culture attempts after homogenization in sterile NaCl (Supplementary Table 7) . We processed the homogenates as described above for necropsy samples with one native aliquot and one heat-treated aliquot. Details on bone analyses and additional results are in the Supplementary Information. Whole-genome sequencing of Bcbva isolates and SNP calling. Supplementary Table 8 contains a complete list of all Bcbva isolates sequenced (Supplementary Fig. 6 ). Isolate preparation and extraction is described in the Supplementary Methods. Libraries for whole-genome sequencing were prepared with the Nextera XT DNA Library Preparation Kit (Illumina). Libraries were pooled and sequenced on the HiSeq 1500 platform (Illumina) in rapid run mode using either v1 (2 × 150 bp) or v2 (2 × 250 bp) chemistry.
Illumina adapters were removed using scythe version 0.993 (ref. Letter reSeArCH command using recommended filter settings. With the SelectVariants command, only SNP sites that passed the filter were selected for further processing. SelectVariants was also used to exclude all SNPs with a coverage of <5×, a minor allele frequency of >0.1 and a GATK Genotype Quality value of <99. Final consensus sequences were composed with FastaAlternateReferenceMaker. We assessed the coverage of all samples with the GATK tools DepthOfCoverage and CoveredByNSamplesSites. Details and further analysis of whole-genome sequencing of Bcbva isolates and SNP calling can be found in the Supplementary Information. Phylogenetic analyses. 126 genome sequences (one isolate per mammal or fly) from TNP and Grebo National Forest (Supplementary Table 8 ) were aligned and stripped of non-variant sites with Geneious Pro version 8.1.3 (Biomatters ltd.) 41 . The resulting alignments of variable sites were 298, 18 and 11 bp long for the chromosome, pXO1 and pXO2, respectively. Given the low number of variable sites in pXO1 and pXO2, we only performed phylogenetic analyses on the chromosome alignment. jModelTest version 2.1.4 (ref. 42 ) was used for determination of the best nucleotide substitution model in a maximum likelihood framework, resulting in the choice of TVMef 43 . Maximum likelihood analysis was performed with PhyML version 20131022 (ref/ 44) using a combination of subtree-pruning-regrafting and nearestneighbour-interchange tree search algorithms. Branch support was estimated using non-parametric bootstrapping with 100 pseudo-replicates. The tree was rooted using the heuristic residual mean-squared function in TempEst version 1.5 (ref. 45) , placing the root at the position resulting in the most clock-like structure of the data (Fig. 3) .
We also performed phylogenetic analyses using the Bayesian Markov chain Monte Carlo sampling approach implemented in BEAST version 1.8.2 (ref. 46) , specifying a constant population coalescent tree prior and assuming an uncorrelated log-normal relaxed molecular clock 47 (Supplementary Information). The maximum clade credibility tree derived from this analysis was very similar to the maximum likelihood tree (Fig. 3) .
Another dataset was assembled to compare Bcbva from TNP to other strains from sub-Saharan Africa. It included the chromosomal sequences from a representative TNP genome, the sequences from Grebo National Forest, as well as previously published genomes determined from isolates derived from Bcbva cases in the Central African Republic and Cameroon 15, 17 (Extended Data Fig. 6 ). The alignment was compiled as described above and contained 1,016 variable positions. To test the effect of season on the probability of a carcass or fly, respectively, being anthrax-positive, we used a generalized linear mixed model (GLMM) 49 with binomial error structure and logit link function 50 . As predictors we included the species (monkeys, chimpanzees, duikers, others, blow flies), season and their interaction. 'Season' was modelled by first turning the sampling date into a circular variable and including its sine and cosine into the model. As random intercept effects we included trap-ID (that is, GPS location) and the combination of sampling date and GPS location, the latter accounting for potential non-independence of flies sampled on the same day from the same trap. We further included random slopes of season within the trap-ID 51, 52 . To test the effect of season we compared the full model with a null model lacking the fixed effects of season and its interaction with species 53 , using a likelihood ratio test 54 . Sample size for this model was 1,803 samples (carcasses and flies), collected at 352 locations and 328 combinations of sampling date and location including necropsy samples and flies.
In a second model we tested whether the probability of a fly to be tested anthrax-positive was influenced by season and the amount of mammalian DNA within the fly. We used a GLMM 49 with binomial error structure and logit link function 50 . Into this we included the amount of mammalian DNA found within the fly (determined by real-time PCR) and season as fixed effects. We modelled the season by first turning the sampling date into a circular variable and then including it sine and cosine into the model. Because the amount of mammalian DNA within the fly was highly skewed, we log-transformed the data before fitting the model. As random effects (random intercepts), we included the ID of the trap and the date of sampling. To avoid overconfident estimates we included random slopes of the amount of mammal DNA within trap-ID and trapping date 51, 52 . As an overall test of the effects of the amount of mammal DNA and season, we compared the full model with a null model lacking these effects 53 using a likelihood ratio test 54 . We also used likelihood ratio tests to test for the individual predictors (comparing the full model with a respective reduced model lacking the predictor to be tested 51 ). We fitted the model in R 55 using the function glmer of the R package lme4 (version 1.1-10) 56 . To estimate model stability we excluded levels of the random effects one at a time, which did not indicate influential levels that existed. The sample size for this model was a total of 474 flies caught on 43 days in 33 traps. (Extended Data  Fig. 4, Supplementary Table 10 and Supplementary Information).
To evaluate the reproducibility of fly meal identification for each fly, we correlated the proportion of sequence counts per amplicon (two amplicons per fly) that was assigned to different mammalian genera using a Spearman correlation. To test whether there were differences in fly meal composition of anthraxpositive and anthrax-negative flies, we tested whether detection of a given mammal taxon in a fly sample was associated with anthrax positivity. We used GLMMs 49 applied separately for each mammal genus identified in the flies. The response was whether the fly was anthrax-positive and the key predictor with fixed effect was presence of mammalian DNA. We considered mammalian DNA to be present, when DNA was detected in at least one of the two amplicons per fly. We included only those mammal genera in the model that were detected in at least five of all generated amplicons (two per fly). In addition to mammal presence, we included trap-ID and the factor sampling date as random effects (random intercepts) 51, 52 . Models were fitted with binomial error structure and logit link function 50 . The sample size for all models was 57 flies, caught in 22 different traps on 13 days. To test whether mammal presence had an impact on anthrax positivity, we dropped mammal presence from the model 53 and compared the models using a likelihood ratio test 54 . Model stability was assessed as above. We fitted models at two different taxonomic resolutions: one with taxonomic assignment at genus level and the other at order level. GLMMs were fit in R 55 using the function glmer of the R package lme4 version 1.1-10 (ref. 56) .
To evaluate geographic distribution of Bcbva in TNP, we checked whether, owing to higher mammal density 23 , Bcbva was more likely to occur inside the research area. To test this hypothesis we analysed 908 flies from 83 different traps (Extended Data Fig. 7 and Supplementary Tables 4, 11 ). Of these, 21 traps were located within the research area and 62 traps in the adjoining forest belt. In total, 8 out of 21 traps within the research area and 8 out of 62 outside the research area were anthrax positive. We compared the two groups using Fisher's exact test (Supplementary Information).
To learn more about the spatial dynamics of Bcbva in TNP, we investigated the correlation between genetic and geographic distances. To correct for genetic and spatial autocorrelation, we excluded strains from the dataset that originated from the same fly catching point (in a 1-km 2 radius) on the same day or from the same followed-up outbreak in mammals. Only one strain was kept per outbreak or fly-catching point, the selection criterion being high average coverage of the genome (Supplementary Table 8 and Supplementary Information). Geographic distances (in km) were derived from GPS data using GeographicDistanceMatrixGenerator version 1.2.3 (ref. 57) . Genetic distances were approximated using the relative distances drawn from a maximum likelihood tree built in PhyML version 20131022 (ref. 44 ) with the R package ape 58 using the cophenetic function. Multiple regression on distance matrices (MRM) as implemented in the R ecodist package 59 using 1,000 permutations and Spearman's correlations was performed on genetic and geographic distance matrices. To examine variation within genetic lineages, we binned our data by genetic distance (bin size = relative genetic distance of 0.03, approximately 2.5 SNPs) and focused on groups with low genetic distance (maximum relative genetic distance <0.5) and their mean geographic distance (Extended Data Fig. 9 ). Homogeneity of variance between groups was assured with the Fligner-Killeen test (P = 0.07; P > 0.05, the pre-specified significance level).
To evaluate the impact Bcbva could have on the TNP chimpanzee population, we conducted a simulation (Supplementary Information). We first defined a series of population parameters for the simulation 27 . We simulated the survival prospects of chimpanzee communities of a given size, with individuals reproducing at certain regular intervals after maturation, having a maximum age and an annual survival probability. Because most of these parameters are associated with considerable uncertainty and because we wanted to assess to what extent the simulation results depend on the particular parameters chosen, we parameterized the simulations as follows: initial community size: 20-80 individuals (increment: 10); inter-birth interval: 4-7 years (increment: 1); interval after death of infant: 1 year; maximum age: 40-50 years (increment: 2); age of first reproduction of males and females: 10 and 14 years, respectively. Because per capita annual survival probability without the influence of anthrax is unknown (mortality cases due to anthrax may not be detected in all cases, in particular before necropsies were made systematically), we simulated per capita annual survival probabilities from 0.93 to 0.99 (increment: 0.03). In addition, we made survival probability density dependent, as this is a common characteristic observed in many species including chimpanzees 60 . For this we introduced a logistic function (1/(1 + exp(−(20 − 0.08 × community size)))) that increased or reduced mortality rate as a function of chimpanzee community size. At the beginning of each simulation run we generated a community of the simulated size by randomly allocating sexes (proportion of females: 0.7) and ages (uniformly distributed between 10 and the simulated maximum age) to individuals. To avoid stochastic effects of the initially generated community, we let the simulation run for 50 time steps (that is, years) without anthrax presence before the evaluated time period began.
We estimated the risk of annual anthrax outbreak probability, dependence on community size and the number of individuals affected as exp(−1.83 + 0.039 × community size) from a Poisson regression (null, full model comparison, χ 2 = 7.89, d.f. = 1, P < 0.01). We simulated both an anthrax and a non-anthrax scenario for 150 time steps (that is, years) with 100 replications each and for each possible combination of the simulated parameters. Communities were considered to be extinct, when no reproducing females were present.
All R scripts are available upon request. Details on statistical analyses and additional results are in Supplementary Information. Data availability. Raw reads of 16S amplicons are available in the European Nucleotide Archive (ENA) under project accession number PRJEB14554, sample accession numbers ERS1217219-ERS1217336. Raw reads for all 178 Bcbva isolates from TNP and Grebo National Forest are available in the ENA under project accession number PRJEB14616, sample accession numbers ERS1222903-ERS1223080. 
